ABSTRACT: The asphalt mixture can be reinforced by basalt fiber to improve its pavement performance. Firstly, the Marshall test was conducted on AC-13C asphalt mixture with 0.3% dosage of basalt fiber to determine the optimum asphalt-aggregate ratio. Comparisons between asphalt mixtures with and without basalt fiber were performed by means of immersion Marshall test, wheel tracking test and indirect tensile test. The results show that 0.3% dosage of basalt fiber can enhance asphalt mixture's water stability, high temperature stability and low temperature cracking resistance. Secondly, based on asphalt mixture's viscoelastic property, the deflection-time curves of basalt reinforced asphalt mixture were obtained through bending creep test. The general Maxwell model was utilized to fit viscoelastic parameters of asphalt mixture, then the wheel tracking test was simulated through finite element model to compare with laboratory test, and the results show that the simulation is very effective and the general Maxwell model can express asphalt mixture's viscoelasticity satisfactorily.
INTRODUCTION
As road traffic volume and load increases, the requirement on asphalt pavement is leveled up. One can see from some existed pavement that China's asphalt pavement suffers severe damage in early phase. Some road reveals multiple kinds of damage after opening for only several years. In hot summer permanent deformation such as rut, upheaval, push, wave, etc. emerges under heavy load. In rainy season water damage happens such as loosing, exfoliation, pot holes, etc. These phenomena not only weaken traffic safety and comfort, but also cause great economic loss. Hence, it is a significant problem facing China's road construction that how to improve asphalt pavement performance and prolong the service life.
Adding fiber materials into asphalt mixture is an important method to improve its performance. Among all kinds of fiber, basalt fiber has unique advantages such as good mechanical property, surface wettability, chemical stability, aging resistance, water stability, remarkable high and low temperature resistance, low hygroscopicity, etc (Guo et al. 2010 ; Rabinovich et al. 2001) . Therefore, researchers throughout the world have studied basalt fiber: Friedrich et al. (2000) compared basalt fiber and glass fiber on their corrosion resistance in alkaline environment and showed that basalt fiber has better chemical stability; Xu et al. (2011) performed experiments to show that basalt fiber reinforcement can effectively improve asphalt mixture's tensile strength and high temperature stability; Yu (2012)'s study revealed that basalt fiber can delay asphalt pavement's aging; Garcia et al. (2013) proved the good behavior of fiber reinforce plastic with basalt fiber when applied to timber beams; Subagia et al. (2014) showed that the interplay hybrid composite with carbon fiber at the compressive side exhibited higher flexural strength and modulus than when basalt fabric was placed at the compressive side; Jiang et al. (2014)'s experiment indicated that the concrete containing basalt fiber presents higher porosity.
This paper firstly performed standard Marshall test on basalt fiber reinforced asphalt mixture to determine the optimum asphalt-aggregate ratio. Secondly, AC-13C asphalt mixture's performance improvement from 0.3% dosage of short-cut basalt fiber was analyzed through immersion Marshall test, wheel tracking test and indirect tensile test. Thirdly basalt fiber reinforced asphalt mixture's deformation property was determined through bending creep test. We then drew mixture's stiffness modulus-time curve and fit its viscoelasticity parameter through general Maxwell model. Finally we built wheel tracking test's finite element model in ABAQUS and simulated the changing trend of specimen's rut depth under repeated load impact. We compared the result with laboratory test and verified the parameter's effectiveness.
LABORATORY TEST
We studied dense-suspended type continuous grading asphalt mixture AC-13C in China. We adapted SBS modified asphalt and referred to Specifications for Design of Highway Asphalt Pavement (JTG D50-2006) in China for mineral aggregate gradation (see Figure 1 ). We took real grading values equal to or slightly below the AC-13 grading median in the above specifications. 
The optimum asphalt content
We determined the mixture's optimum asphalt content through standard Marshall test. According to relevant Table 1 ). Figure 2 is the performance of asphalt mixture with the fiber dosage of 0.3% to determine optimal asphalt content. From Table 1 and Figure 2 , one can see that the optimum asphalt content corresponding to stability is 4.77%, bulk relative density 5.0% and porosity scope median in Specifications 4.96%. Then we can determine asphalt content initial value OAC1=4.9%. According to Specifications for Design of Highway Asphalt Pavement, China, we finally determine the mixture's optimum asphalt content with 0.3% dosage of basalt fiber is 4.8%. With the same method, we calcu-lated and obtained the optimum asphalt content without fiber is 4.6%.
From the result of Marshall test, one can see: (1) The optimum asphalt content with basalt fiber is bigger than without basalt fiber, because fiber has big specific surface area which strengthens adsorption of asphalt. (2) The bulk density decreases as fiber is added in, because fiber's density is relatively small. (3) The porosity increases with fiber added in, because fiber has bigger modulus and under the same compaction work the 'fiber-aggregate' function makes the mixture's structure less compact than mixture without fiber. (4) The mixture's Marshall stability is obviously influenced by fiber, which increases 16~39.2% compared with mixture without fiber.
Pavement performance of asphalt mixture

Immersion Marshall test
According to Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (T0709-2011), China, immersion Marshall test was performed to study the water stability of asphalt mixture with optimum fiber dosage ( Table 2 ). Results in Table 2 are averages of four Marshall specimens. One can see the AC-13C immersion residual stability of both conditions satisfies requirements. When basalt fiber dosage is 0.3%, the immersion residual stability increases by 2.2%, which shows basalt fiber can indeed improve asphalt mixture's water stability.
Due to fiber's oil absorbency, asphalt content is increased. With the optimum fiber dosage, basalt fiber disperses uniformly in asphalt mixture, forming fiber network to hinder the asphalt's loss. Meanwhile, fiber and asphalt can adhere to each other, forming a layer of asphalt membranes on the surface of fiber, which decreases free asphalt amount and increases aggregates' adhesion, thus increases asphalt mixture's water damage resistance. In Table 3 we see the dynamic stability increases by 22.8% after the asphalt mixture is mixed with basalt fiber, which shows basalt fiber can effectively improve asphalt mixture's high temperature stability and rutting resistance. Two reasons account for this: one is that basalt fiber increases asphalt mucilage's viscidity and raises its softening point; the other is that fiber distributes crossly in asphalt mixture, raising the mixture's strength and stiffness and thus rutting resistance.
Wheel tracking test
Indirect tensile test
According to Standard Test Methods of Bitumen and Bituminous Mixtures for Highway Engineering (T0716-2011), China, we performed indirect tensile test to evaluate asphalt mixture's low temperature cracking resistance (Table 4) . From Table 4 one can see that with 0.3% dosage of basalt fiber, asphalt mixture's splitting tensile strength and failure strain both increase than without fiber. The failure strain increases 8.9%, mainly due to that basalt fiber distributes uniformly in asphalt mixture and hence decentralizes asphalt mucilage's tensile stress and strengthens deformability. Adding basalt fiber can improve asphalt mixture's low temperature performance in the following aspects:
(1) Basalt fiber disperses in and coheres to asphalt mixture, thus increases framework asphalt's proportion and decreases free asphalt's amount. This strengthens asphalt's consistency and stiffness, thus increasing interfacial strength between asphalt and aggregate. Ultimately splitting tensile strength is increased. (2) Basalt fiber performs reinforced effect on mixture, which hinders split from generating, therefore increasing failure strain. (3) Basalt fiber has greater elastic modulus, which together with reinforced effect increases mixture's flexibility and elasticity. This disperses external force in some degree, makes the pavement better adapted to deformation due to low temperature shrinkage and reduces shrinkage split and fatigue split in low temperature.
SIMULATION ON VISCOELASTICITY AND WHEEL TRACK TEST
First we determined the stiffness modulus-time curve of basalt fiber reinforced asphalt mixture and fit its viscoelasticity parameter by general Maxwell model. Then using ABAQUS finite element simulation, we obtained the variation history of specimen's wheel track rut depth under repeated load impact. We compared this result with laboratory test and verified the effectiveness of the fitted mixture parameter.
Determination of viscoelasticity
First we convert the creep function and relaxation function, between which there is following relationship (Park & Kim 1999):
where G(t) is relaxation elasticity modulus, J(t) creep compliance, t time and τ relaxation time. Asphalt mixture's creep compliance can be obtained through bending creep test, then combined with Equation (1) 
where G(tn+0.5) is the median of time domain tn to tn+1 and n is sampling point. Using Equation (2) we converted data in bending creep test to relaxation modulus. We plotted mixture's relaxation modulus in different temperature (Figure 3) . According to time-temperature equivalence principle (Williams et al. 1955 ), for simple rheological materials, one can use shift factor αT to perform timetemperature conversion for relaxation modulus in different temperature. The conversion formula is Equation (3):
Express time in logarithm coordinate, then Equation (3) can be converted into:
From Equation (4) we know if we move the relaxation modulus curve in reference temperature T0 along the logarithm time axis for a distance αT, we can get relaxation modulus curve in any temperature. This paper takes the reference temperature as 25°C, and we calculate shift factor in different temperature (Table 5 ). According to the shift factors, we move all the relaxation modulus in different temperature to that in reference temperature 25°C, and take logarithm coordinate for time. Hence we obtain relaxation modulus scatter diagram (Figure 4 ). We used general Maxwell model to describe viscoelasticity of basalt fiber reinforced asphalt mixture, and by comparison we chose four parameters Maxwell model. We used Equation 4 to fit relaxation modulus curve in 25°C reference temperature ( Figure 5 ). We can see that as the relaxation time prolongs, relaxation modulus decreases and tends to zero, which shows asphalt mixture has the character of viscoelasticity fluid. The curve fits well to the calculation result in creep test and the correlation coefficient reaches 0.946, which shows general Maxwell model can simulate viscoelasticity of asphalt mixture satisfactorily. 
Simulation of wheel tracking test
Establishment of finite element model
We used plane strain model and took cross section on the middle position of rutting plate in the direction perpendicular to rolling. We built geometry model of rutting plate in the part module of ABAQUS, with size 300mm×50mm. The boundary condition of finite element model was fixing the bottom and restricting both sides' displacement in horizontal direction. The test temperature was 60°C. We used CPE4R type of two-dimension-plane strain unit to divide the network, and the divided units got greater as they sat farther away from the wheel position. The ultimate divided finite element model is as in Figure 6 . 
Simplification of load impact
We simplified wheel load (Figure 7) . The load moved from point O to D and we aimed to obtain the subsidence of point B. We simplified the load as triangle shape and divided the vehicle's moving length into four equal parts with each part's length of 57.5 mm. The load form is as in Figure 8 . 
Finite element analysis of wheel tracking test
We performed nonlinear finite element analysis with increment iteration method. To accurately control increment step of load, we took fixed increment step method. The load increment was set to 1/20 period, which enabled the finite element calculation to approach load's peak point. Figures 9 and 10 are rutting plate's Mises stress nephogram and vertical deformation nephogram respectively. The vertical subsidence curve of the load's central acting point is shown as Figure 11 , of which the first 100s local enlarged drawing is shown as Figure 12 . From these two figures one can see vertical displace-ment fluctuates with time and its variation form is the same as that of the load. The curve's upper end ligature is the rutting plate's permanent deformation, while the lower end ligature is total deformation. In the early loading, rutting increases dramatically, while as time goes by the deformation gradually tends to stable, which corresponds to compression and flow phase of asphalt mixture respectively. When loading is over, the permanent deformation of rutting plate is 1.44mm, slightly smaller than the laboratory test result. Table 6 lists comparison between laboratory tests and rutting simulation results for 45min and 60min respectively. From Table 6 we see the rutting depth of simulation is slightly smaller than laboratory test. The former is smaller by 7.3% for 45min situation and only 0.7% for 60min. Generally speaking, finite element simulation and laboratory test have good consistency, which further reveals that the fitted viscoelasticity parameters are appropriate.
CONCLUSION
Aiming at basalt fiber's property, this paper studied the application of basalt fiber in asphalt mixture. Based on laboratory test of basalt fiber reinforced asphalt mixture, we studied its pavement performance. Through small beam bending creep test we fitted viscoelasticity parameters of basalt fiber reinforced asphalt mixture. Using ABAQUS we performed wheel tracking simulation and compared the result with laboratory test. The main conclusions are as follows:
(1) Through laboratory test on AC-13C asphalt mixture, we found that the water stability, high temperature stability and low temperature cracking resistance of asphalt mixture with 0.3% dosage of basalt fiber are all better than asphalt mixture without basalt fiber. These results show that basalt fiber can adhere to asphalt mixture and improve the mixture's water damage resistance. Meanwhile, basalt fiber has bridging and reinforcement effect on asphalt mixture in some degree, hence improves the mixture's high temperature performance and low temperature cracking resistance.
(2) Through bending creep test on asphalt mixture, we obtained the mixture's displacement-time curves in three different temperatures. From time-temperature equivalence principle we obtained relaxation modulus in reference temperature and using general Maxwell model we fitted the viscoelasticity parameters of basalt fiber reinforced asphalt mixture.
(3) We performed finite element simulation on wheel tracking test and the obtained rutting depth is in good consistency with laboratory test, which validates the effectiveness of finite element simulation and shows that general Maxwell model can express asphalt mixture's viscoelasticity satisfactorily.
way network based on spatial and temporal characteristics of traffic volume.
